This study evaluated the inhibitory effects of samples extracted by different solvents from bayberry on eight common foodborne pathogens and investigated the main bacteriostatic components of bayberry extracts using ultraviolet and ultraperformance liquid chromatographic-electrospray mass spectrometry. Among the different solvent extracts, the waterextracted sample (BE1) had the greatest average inhibition zone diameter for the tested foodborne pathogens, which reached 22.1 mm. Among them, Salmonella paratyphi, Listeria innocua, and Listeria monocytogenes were most sensitive to BE1, and the lowest minimal inhibitory concentration value was 2.07 mg/mL. The polyphenol content in BE1 was the highest at 24.11 mg/mL. In addition, the main bacteriostatic component in BE1 was identified as cyanidin 3-O-glucoside. As natural antimicrobial agents, the antimicrobial compounds in berries are likely to have many important applications in food and medical industries in the future.
Introduction
Chinese bayberry fruit (Myrica rubra Sieb. et Zucc.) is native to eastern Asia, mainly China, and it is very popular with the local consumers because of its sweet/sour taste, flavor, and color. [1, 2] All parts of the bayberry plant are used in Chinese traditional medicines. [3] Bayberries are an important source of phytochemicals, such as phenolic acids, anthocyanins, and flavonol glycosides. Fruit-derived phytochemicals have received attention owing to their potent anti-inflammatory, [4] antioxidant, [1, 5, 6] antidiabetic, [7, 8] anticancer, [9] antiobesity, [10] antihyperlipidemia, [11, 12] antiatherosclerosis, [13, 14] and antibacterial properties. [15] Bayberry extract can prevent the metabolic disorders of C57BL/6 mice induced by a high-fat diet. [16] The flavonoid extract from Chinese bayberry has a protective role against ethanol-induced oxidative damage in mice livers. [17] In addition, the relevant researchers have proved that Myricitrin protects against peroxynitrite-mediated DNA damage and cytotoxicity in astrocytes. [18] However, there are many active components in bayberry extract, and the synergistic effects of functional components are complex. Thus, there are few studies on the effective functional components in bayberry extract.
At present, most of the commonly used food preservatives are chemicals, such as benzoic acid, sorbic acid, and nitrite. [19] In addition, antibiotic substances are often used in the preservation of livestock products. However, the potential harmful effects on human health cannot be ignored. Consumer demand for natural antibacterial and antiseptic substances has grown as knowledge of the abuse of toxic synthetic food preservatives and antibiotics has become more widespread. Thus, in recent years, the study of natural antibacterial substances has become a hot topic principally because of its safety. Puupponen-Pimiä [20] studied the action of berry phenolics against human intestinal pathogens. Yildirim et al. [21] reported cinnamon oil nanoemulsions by spontaneous emulsification. Andriy et al. [22] studied the antimicrobial activities of crude extracts prepared from fungal mycelia. In addition, there are many studies on the antibacterial activities of tea polyphenols, garlic, and honeysuckle. [19, 23, 24] So far, many studies on natural antimicrobial substances have focused on antimicrobial activities. However, only a few studies exist on the effective antimicrobial components, and there are no systematic and comparative in vitro studies on the antibacterial and phytochemical components of bayberry extract. Thus, there is a demand to find a single or a group of effective antibacterial components in bayberry that acts as a natural antibacterial agent, which would likely have important applications in the food and medical industries.
Thus, in this study, we aimed to systematically evaluate the antibacterial properties and phytochemicals of bayberry extract. Further, the effective bacteriostatic components of bayberry extract were determined using ultraviolet-visible (UV-Vis) absorption spectroscopy and ultraperformance liquid chromatographic-electrospray ionization-mass spectrometry (UPLC-ESI-MS).
Materials and methods

Material
To ensure the accuracy of our experimental results, the same variety of bayberry fruit (cultivar Biqi) was purchased from a supermarket in Wuxi City, Jiangsu Province, China. Portions of 200 g were packed in polyethylene bags and subsequently frozen at −18°C. Experiments were performed in quadruplicate.
Bayberry extract preparation
The sample of 200 g bayberry was first extracted with water, ethanol, acetone, and ethyl acetate, respectively, by heating reflux extraction method (50°C, 8 h). And 10 min of ultrasonic treatment was carried out for every 2 h. The extract was then centrifuged with 4000 xg for 10 min, and the supernatant was freeze-dried to powder. Powdered samples extracted with water, ethanol, acetone, and ethyl acetate were labeled as BE1, BE2, BE3, and BE4, respectively.
Bacteria
Salmonella paratyphi A CMCC 50093 (−), Shigella dysenteriae CMCC 51573-10 (−), Pseudomonas aeruginosa ATCC 14149 (−), Escherichia coli ATCC 8099 (−), β-hemolytic streptococus CMCC 32210 (+), Staphylococcus aureus ATCC 6538 (+), Listeria innocua ATCC 33090 (+), and Listeria monocytogenes ATCC 35152 (+) (CMCC: National Center for Medical Culture Collection, China, American Type Culture Collection (United States)) were grown in nutrient agar (QingdaoHope Bio-Technology Co., Ltd., China). The microbial strains are listed in Table 1 . Single colonies of the selected bacterial strains were preinoculated in 10 mL of sterile nutrient broth and incubated at 37°C for 8 h. Then, 1 mL of the culture was added to 100 mL of broth and incubated at 37°C for 24 h. The culture was diluted to a suitable concentration and used for the antibacterial tests.
Determination of antibacterial activity
The cylinder diffusion method was used to detect the inhibition zone diameter (IZD). The eight bacteria were diluted to obtain concentrations of 10 6 CFU/mL in the medium and cultured at 48°C. Then, 15 mL of each bacterial suspension was independently poured into a Petri dish. Three evenly placed wells (6 mm in diameter) were made in the surface of the solidified medium, and 200 µL of the bayberry extract was added to the wells (Finnpipette, France). The IZD was measured to an accuracy of 0.1 mm, and the mean values of six tests were calculated. Water and methanol were used as negative and positive controls, respectively.
The twofold dilution method was used to determine the minimal inhibitory concentration (MIC). A twofold dilution series of each BE (1-4) in nutrient broth was prepared to obtain final concentrations of 8.28, 4.14, 2.07, 1.04, and 0.52 mg/mL. Approximately, 10 6 CFU/mL of each bacterial culture was added to the broth, and the lowest concentration without any colony growth was recorded as the MIC value. The experiments were conducted in quintuplicate.
Determination of active substances
Determination of total flavonoids: The total flavonoid content was determined in accordance with previously described methods. [25, 26] The absorbance levels were quantitatively determined with a UV spectrometer (Hitachi U-2900) at λ 510 nm. The regression equation y = 0.8912x + 0.0036 (R 2 = 0.9992) for determining total flavonoid content was established by taking the Rutin mass concentration (mg/mL) as the abscissa and the absorbance value as the ordinate.
Determination of total polyphenols: The total phenolic content was determined in accordance with previously described methods.
[27] The absorbance levels were quantitatively determined with a UV spectrometer (Hitachi U-2900) at λ 765 nm. The regression equation y = 1.7848x + 0.1012 (R 2 = 0.9969) for determining the total phenol content was established by taking the gallic acid mass concentration (mg/mL) as the abscissa and the absorbance value as the ordinate.
Determination of total acidity: The total acidity determination was performed by titration with a 0.1 mol/L sodium hydroxide and phenolphthalein solution using 10 mL of sample and 50 mL of distilled water as recommended by the official compendium of food analysis. [28] All determinations were performed in triplicate. The solutions were standardized as recommended in the official compendium. [29] Identification of the main bacteriostatic components UPLC-ESI-MS and UV-Vis absorption spectral analyses: BE1 was further purified to determine its complex active ingredients and the purified extracts were termed BEP, which was used in subsequent experiments. The UPLC-ESI-MS and UV-Vis absorption spectral analyses were obtained from Yao et al. [30] ; analyses were performed on phenol compounds having antibacterial activities using a UPLC-ESI-MS (Waters Corp., USA) equipped with a photodiode array detector. Before analysis, the samples were scanned at 190-700 nm (Unico UV-4802, Unico, NJ, USA) to ensure the measurement of the phenolic compounds. Data acquisition was performed using Waters MassLynx_V4_RC9 software. The column was a BEH C-18 (1.7 µm particles, 2.1 mm × 50 mm), and the mobile phase (A) consisted of 0.1% formic acid, 5% acetonitrile and 95% H 2 O (V/V) and acetonitrile containing 0.1% formic acid (B). A stepwise linear gradient was programmed at 99:1 (A/B, V/V) for 2 min, changed to 98:2 over 5 min, changed to 60:40 over 1 min, and followed by 10:90 over 5 min to wash the column. The injection volume was 5 µL, and the detection wavelength was 254 nm (each fraction had an absorbance at this wavelength). The column temperature was 40°C. The mass spectra were achieved by ESI in the positive mode. The following ion optics were used: capillary, 3.50 kV; cone, 25 V; and extractor, 5 V. The source block temperature was 120°C, and the desolvation temperature was 300°C. The electrospray probe flow was adjusted to 70 mL/min. Continuous mass spectra were recorded over the range m/z 100-800 with a 1 s scan time and an interscan delay of 0.1 s.
Statistical analyses
Experiments were performed in triplicate. Data were analyzed with OriginLab-8s (OriginLab Corporation, Hampton, MA, USA). Means were compared by Duncan's new multiple range test. Statistically significant differences were set at P < 0.05.
Results and discussion
Antibacterial activities of different solvent extracts from bayberry BE1, BE2, BE3, and BE4 have satisfactory antibacterial activities on all of the tested foodborne pathogens, including Gram-positive bacteria and Gram-negative bacteria, and the inhibitory effects of BE1, BE2, BE3, and BE4 on S. paratyphi were greatest, and the IZD reached 32.33 mm, 25.92 mm, 28.42 mm, and 24.17 mm, respectively (Fig. 1) . Moreover, the average IZD of BE1 was the greatest at 22.1 mm for the eight common foodborne pathogens. Thus, the antibacterial effect of the BE1 was significantly (P < 0.05) greater than those of the other solvent extracts. This may be due to the high content of polyphenols in BE1, and the result was consistent with the active components. In view of the bacteriostatic action of bayberry extract, researchers in previous years had explored the preservation effect of bayberry extract on surimi. The results showed that the bayberry extract had a significant inhibitory effect on Serratia marcescens and Pseudomonas aeruginosa, and the addition of plum extract could prolong the shelf life of the surimi products storage at room temperature. [31] Some researchers also studied the effect of the extract of bayberry fruit residue on fresh pork. The results showed that the extract of bayberry fruit residue as a natural antioxidant could be used to improve the color and lustre of cold fresh pork. [32] Some researchers explored the preservation effect of bayberry leaf extract on the large yellow croaker, and the results also showed that the bayberry leaf extract could prolong the shelf life of the yellow croaker. [33] The results of previous studies show that bayberry extract not only has good antibacterial effect, but also has great application value.
MIC analysis
The antimicrobial activity of BE1 was determined against a series of selected foodborne pathogens. The MIC values obtained are shown in Table 1 . BE1 was active against all bacteria tested but in the distinct MIC range of 0.52-8.28 mg/mL. Salmonella paratyphi, Listeria innocua, and Listeria monocytogenes were most sensitive to BE1, having the lowest MIC value of 2.07 mg/mL. Liu et al. [34] studied the inhibitory effects of cinnamon essential oils on S. paratyphi, L. innocua, and S. aureus in a gas-phase diffusion experiment, with MIC values of 18, 54, and 36 mg/mL, respectively. Bai et al. [35] also studied the inhibitory effects of peony seeds extract on Salmonella, Rhizopus, and Aspergillus and found MIC values of 0.50% (V/V), 0.10% (V/V), and 0.50% (V/V), respectively. BE1 showed obvious bacteriostasis at lower concentrations.
Active components
The total titratable acids and flavonoids in BE2 were significantly (P < 0.05) greater than those in the other three extracts (Fig. 2) . However, the total phenolic content was the greatest in the BE1, which was consistent with the IZD results. Ju et al. [36] studied the antibacterial activity of corn silk extract in which the main antibacterial components were flavonoids. However, Chen et al. [37] showed that phenolics in blueberries had significant antibacterial activities. Thus, the major inhibitory components of different extracts varied and may have a synergistic bacteriostatic effect. These results were in agreement with those described by Gyawali et al. [38] and Dorman et al. [39] UV-Vis absorption and UPLC-UV spectral analyses
Anthocyanins are flavonoid compounds that have characteristic absorption peaks at wavelengths of 280 nm and 520 nm. [40] There were two characteristic absorption peaks, A and B, in the chromatograms of bayberry extract (Fig. 3a) . Thus, it can be inferred that the two peaks represent the anthocyanins, and A is consistent with the maximum absorption wavelength of cyanidin 3-Oglucoside. [30] Therefore, A was preliminarily identified as cyanidin 3-O-glucoside. In addition, the UV-Vis absorption spectrum of the anthocyanins can be used to demonstrate the presence of acyl groups in BEP, and its maximum absorption wavelength range was 310-340 nm. However, the chromatograms showed no absorption peak at 310-340 nm. This indicated that there was no acyl group in the molecule, corroborating the foregoing conclusion. [41] There was a major absorption peak at 520 nm (Fig. 3b) . The peak's area accounted for 13% of the total peak area, and its retention time was 2.84 min. According to a related report, [41] anthocyanins have a characteristic absorption peak at 520 nm. Zhao et al. [40] studied the composition and content of anthocyanins in different peaches and found that the cyanidin-3-O-glucoside in peach mainly contained an anthocyanin peak at 520 nm. Xue [42] also studied the contents of anthocyanidin in Prunus cerasifera leaves at 520 nm, and the extraction rate of anthocyanin was 0.5247%. Thus, Fig. 3b not only showed that anthocyanin was the main antibacterial component in BEP, but also confirmed the inference regarding Fig. 3a .
UPLC-ESI-MS and MS spectral analyses
The UPLC-ESI-MS spectrum showed that there were "a" and "b" peaks in the positive ion mode (ES+) and negative ion mode (ES−), respectively, at 2.84 min (Fig. 4) , which was consistent with the retention time of the peaks in Fig. 3b . However, the area of peak "a" was greater than that of peak "b" in the positive ion mode. This may be due to the strong sensitivity of the substance in positive ion mode. This was consistent with previous research. [43] Figure 5a and b showed the positive ion ESI-MS (Fig. 5a ) and negative ion ESI-MS (Fig. 5b ) of singleion chromatograms. A comprehensive elution of the bayberry extracts and their derivatives was achieved within 10 min. However, the mass spectra showed that the m/z in positive ion and negative ion modes were 449.5 and 447.5 m/z, respectively. Thus, it can be speculated that the molecular weight of the BEP was 448 m/z. This corresponds to the molecular weight of cyanidin 3-O-glucoside. Hence, the substance was unambiguously identified as cyanidin 3-O-glucoside by comparing their retention time, UV-Vis spectroscopic data, and the pseudomolecular ion [M+H] + with the authenticated standards. These results were in agreement with the ones described by Zhou [44] and Yao.
[30]
Conclusion
The antibacterial effects of samples extracted with different solvents from bayberry were studied and the water-based extraction had the greatest antibacterial effect and the highest total phenolic content. By studying the main antibacterial components of the BEP, we found that its main antibacterial component was cyanidin 3-O-glucoside. The safety of Chinese bayberry extract is indirectly indicated by the daily consumption of Chinese bayberry fruit. To the best of our knowledge, Chinese bayberry extract, which can be obtained from some dietary supplement companies in China, is consumed widely in China. No adverse effects of these extracts have been reported. Therefore, bayberry extract is likely to have many important applications in the future as a natural antimicrobial agent for the food and medical industries.
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